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Abstract

Purpose The detection of malignant peripheral nerve sheath
tumours (MPNSTs) in patients with neurofibromatosis 1
(NF1) remains a clinical challenge. The purpose of this study
was to evaluate the use of [*F]2-fluoro-2-deoxy-D-glucose
PET/CT (FDG PET/CT with early and delayed imaging) in
patients with symptomatic neurofibromas, to revalidate
current cut-off values for identification of malignant change
within neurofibromas and to examine the relationship
between SUV and tumour grade.

Methods Patients with symptomatic neurofibromas under-
went FDG PET/CT imaging at 90 and 240 min. Semiquan-
titative analysis using maximum standardized uptake value
(SUVmax) was performed and correlated with histology.
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Result In 69 patients, 85 lesions were identified for
analysis, including 10 atypical neurofibromas and 21
MPNSTs. Sensitivity of FDG PET/CT in diagnosing NF1-
associated MPNST was 0.97 (95% CI 0.81-0.99) and the
specificity was 0.87 (CI 0.74—0.95). There was a significant
difference in SUVmax between early and delayed imaging
and in SUVmax between tumours identified as benign and
malignant on PET/CT. There was also a significant
difference in SUVmax between tumour grades.

Conclusion FDG PET/CT is a highly sensitive and specific
imaging modality for the diagnosis of MPNST in NF1
patients. We recommend performing early (90 min) and
delayed imaging at 4 h for accurate lesion characterization
and using a cut-off SUVmax of 3.5 on delayed imaging to
achieve maximal sensitivity.
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tumour - Neurofibromatosis 1 - Plexiform neurofibroma

Introduction

Neurofibromatosis 1 (NF1) is a common autosomal
dominant neurocutaneous disorder with a birth incidence
of 1 in 2,500 to 1 in 3,000 [1]. The major diagnostic
manifestations include café au lait patches, neurofibromas,
skinfold freckling, iris Lisch nodules, optic pathway glioma
and distinctive bony dysplasia. The neurofibroma, a benign
peripheral nerve sheath tumour, is the most common
tumour in NF1 patients and may manifest as focal dermal,
cutaneous or subcutaneous growths, intraforaminal spinal
nerve root tumours or diffuse plexiform neurofibromas [2].
The complications of NF1 are unpredictable and wide-
spread. Neurological problems originate from central
nervous system tumours and malformations and as a
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consequence of skull and skeletal deformity. Neurological
deficit including weakness and sensory impairment results
from neurofibromas causing compression of peripheral
nerves, nerve roots or the spinal cord. Neurofibromin is
the NF1 gene product and acts as a tumour suppressor.
Individuals with NF1 have a significantly increased risk of
developing malignant peripheral nerve sheath tumours
(MPNSTs) with a life-time risk of 8-12% [3, 4].

MPNSTs usually arise from pre-existing benign plexiform
neurofibromas, they metastasize widely and frequently have a
poor prognosis. Differentiating between benign and malignant
tumours has important prognostic and therapeutic implica-
tions, but can be difficult, especially in individuals who have
multiple benign tumours. The clinical manifestations of
malignancy include unremitting pain not otherwise explained,
rapid increase in size of a plexiform neurofibroma, change in
consistency from soft to hard, and new or unexplained
neurological deficit [3]. Whilst cross-sectional imaging is
helpful in identifying tumours and delineating relationships
with surrounding structures, it cannot be used to reliably
identify malignant change. Currently histology remains the
gold standard for identifying malignant transformation within
a neurofibroma. However, this requires complete excision,
which is frequently not technically feasible and if core biopsy
is performed the focus of malignant change, particularly
within a large heterogeneous tumour, may be missed.

To date a number of studies have addressed the role of
FDG PET in the assessment of MPNSTs in NF1 (Cardona
et al. also included sporadic MPNSTSs) [5-9]. Ferner et al.
showed a significant difference in mean standardized uptake
value (SUV) between benign and malignant lesions and
concluded that the optimum time for measuring SUV in
patients with symptomatic neurofibromas is 240 min after
injection of ['*F]JFDG [5]. More recent work from our group
has shown that symptomatic neurofibromas with a maximum
SUV (SUVmax) of >3.5 should be excised and lesions with
SUVmax of 2.5-3.5 should be reviewed clinically [9]. In this
study tumours identified as benign on PET were clinically
followed-up for between 2 and 5 years [9].

Based on this evidence using PET-only scans, the aims
of our study were to evaluate the sensitivity of PET/CT, to
clarify the value of early and delayed imaging, to revalidate
current cut-off values for identification of malignant change
within neurofibromas and to examine the relationship
between SUV and tumour grade.

Materials and methods
Patient population

Patients were referred from the specialist neurofibromatosis
clinic at Guy’s and St Thomas’ Hospitals NHS Trust which

@ Springer

has a database of 750 NF1 individuals. Patients were
identified from the PET/CT database using the search term
‘neurofibromatosis’ and cross-referenced to the neurofibro-
matosis database. The search was performed for a 45-month
period from August 2004 to April 2008 (the period that
PET/CT has been in use at our centre). Patients with
classical NF1 and mosaic NF1 were included and the
diagnosis was verified by the neurofibromatosis specialist.
All patients included in the study were referred for PET/CT
either due to pain, increase in the size or change in texture of
the neurofibroma, or due to neurological deficit associated
with a plexiform neurofibroma. Six patients from a previous
study at this institution were included in this study [9].
Patients with positive PET/CT scans underwent biopsy or
surgical resection unless the lesion was inaccessible in
which case they were followed up clinically with repeat
imaging. Neurofibromas were excised from individuals
with negative PET/CT scans when clinically indicated. All
patients with PET-negative lesions had continued clinical
follow-up. Repeat scans in patients with a new lesion of
concern were included in the study, but repeat scans for the
follow-up of lesions already analysed were not included
again.

Ethics

Approval was granted for this study as a multidisciplinary
clinical audit of the continuing use of FDG PET/CT in Guy’s
and St. Thomas’ NHS Trust for this group of patients.

FDG PET/CT

Scans were performed on a GE Discovery ST (General
Electric Medical Systems, Waukesha, WI) BGO four-slice
PET/CT scanner. Between January and April 2008 three
studies were performed on a GE Discovery VCT 64-slice
PET/CT scanner. Following a 6-h fast, patients received an
intravenous injection of 350 MBq of ['®F]2-fluoro-2-
deoxy-D-glucose (FDG) (in children the administered
activity was scaled according to body weight calculated
from baseline activity of 350 MB(q). Half-body scans
(cerebellum to mid-thigh) were performed in all patients at
90 min after FDG injection (the ‘early’ scan) with additional
local views depending on the site(s) of interest. Delayed
local views of the tumour were then acquired at 4 h after
FDG injection (the ‘delayed’ scan). The acquisition time for
both scans was 5 min per bed position. This imaging time
gave adequate count statistics for lesion localization,
drawing of the region of interest and SUVmax determination
as can be seen from the images in Figs. 1 and 2. Acquired
images were reconstructed using OSEM (ordered subset
expectation maximization; 30 subsets, one iteration, 5.14 m
postfilter, 4.69 mm loop filter).
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Fig. 1 Axial CT, PET and PET/CT images at 4 h demonstrate the focal area of increased ['*FJFDG uptake in a tumour occupying the right

ischiorectal fossa (SUVmax 13.2)

Scans were evaluated qualitatively and semiquantitatively
using SUVmax. The SUVmax was measured by a single
operator hand-drawing a region of interest on the axial PET
image using the CT component of the study to ensure the
region corresponded to the tumour of interest. The SUVmax
was derived as the highest SUV within the tumour and was
measured on both the ‘early’ and ‘delayed’ scans at the
equivalent image level on each study. If a patient had
multiple small neurofibromas that demonstrated low-grade
uptake, only the symptomatic lesion of concern was included
in the analysis. However, in two patients asymptomatic
lesions were identified which demonstrated increased uptake
compared to the index lesion and these were included in the
analysis. In both patients, the index and incidental lesions
demonstrated only low-grade uptake and were therefore
classified as benign. All scans were analysed blinded to

histological diagnosis. For the purposes of initial analysis,
tumours with a SUVmax of >3.5 on delayed imaging were
classified as malignant on the basis of PET/CT and those
with a SUVmax of <3.5 as benign.

Statistical analysis

The SUVmax results for tumours classified as benign or
malignant on the basis of PET were compared with two-
way repeated measures ANOVA and post-hoc ¢ test analysis
using SPSS version 15.0. Sensitivities and specificities
were calculated using standard formulae. Following histo-
logical correlation, the SUVmax was compared with
tumour grade using two-way repeated measures ANOVA
and post-hoc ¢ test analysis. ROC curves were drawn for
SUVmax values at early and delayed imaging times.

Fig. 2 Axial CT, PET and PET/CT images at 4 h. a Biopsy-proven
atypical neurofibroma in the right erector spinae muscle (SUVmax 4.2)
shows the focal area of increased ['*FJFDG uptake. b Biopsy-proven
low-grade MPNST within the posterior musculature of the left thigh

(SUVmax 6.2) shows the focal area of increased ['*FJFDG. ¢ Biopsy-
proven high-grade MPNST occupying the left flank (SUVmax 10.0)
shows heterogeneously increased ['*FJFDG uptake
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Histology

MPNST were classified histologically as low, intermediate
or high grade using the criteria of tumour differentiation,
vascular invasion, necrosis and mitotic count [10]. Atypical
neurofibroma was defined as a neurofibroma exhibiting
nuclear atypia and/or hypercellularity, without the presence
of mitosis or necrosis [11, 12].

Results

Of a total of 97 studies initially identified for inclusion in
the study, 28 were excluded: in 4 patients the scan was for
the assessment of a tumour other than a neurofibroma (three
breast cancers and one solitary pulmonary nodule), in 13
patients no delayed imaging was performed as no focal
uptake was identified on the initial scan, 5 scans were for
the follow-up of a lesion already included in the analysis, in
1 patient the full dataset was irretrievable, and 5 patients
had clinical and neurological signs suggestive of a deep-
seated lesion, but no focal neurofibroma was visible on
PET/CT scan. There were 69 studies in 62 patients (seven
patients had two studies) comprising 31 males and 31
females aged 9-86 years (mean age 31.3 years, SD 16.7).
The average early imaging time was 108 min (1 h 48 min),
median 101 min (1 h 41 min), and the average delayed
imaging time was 252 min (4 h 12 min), median
252 minutes. Prior to the scan all patients had serum
glucose within the normal range. From the 69 studies 85
lesions were identified as suitable for analysis.

Excision/biopsy was performed on 39 of the lesions
including 8 neurofibromas, 10 atypical neurofibromas, and
21 MPNSTs (11 low-grade and 10 high-grade tumours). On
the basis of semiquantitative analysis on ['*FJFDG PET/CT
scans 42 tumours were categorized as benign and 43 as
malignant. Histological correlation identified one false-
negative scan and six false-positive scans (Table 1).
Sensitivity of FDG PET/CT in diagnosing NF1-associated
MPNST was 0.97 (95% CI 0.81-0.99) and the specificity
was 0.87 (CI 0.74-0.95).

Patients with benign neurofibromas were monitored
clinically for 241 months (median 19 months, SD 13).

Table 1 ['®FJFDG PET/CT assessment of lesions with histological
correlation

Type of tumour Negative on Positive on

["®FIFDG PET/CT scan ['®F]JFDG PET/CT scan

2 6
Atypical neurofibroma 1 9
Low-grade MPNST 0 11
High-grade MPNST 0 10

Neurofibroma
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Three patients with lesions classified as benign on PET/CT
scan underwent excision biopsy due to a high level of
clinical suspicion (intractable pain, rapid growth, and/or
new neurological symptoms), and of these two had a
benign neurofibroma and one an atypical neurofibroma
(Table 1). Seven patients with inaccessible lesions classified
as malignant on ['*FJFDG PET/CT scan did not undergo
excision and at the time of this report remained under close
clinical review (range 7—46 months; Table 2). The diagnosis
was confirmed on histology after excision biopsy in five of
six patients with a false-positive ['*F]JFDG PET/CT scan.
However, in one individual an image-guided needle core
biopsy was performed at another institution and the site of
biopsy did not correlate with the focus of intense FDG uptake
on the PET/CT scan (Table 3, patient 6; Fig. 1). At the time
of this report, all patients with a false-positive scan remained
under clinical follow-up (median 19 months, SD 11.95).

Analysis of PET/CT findings

The mean SUVmax on early imaging (SUVmaxE) was 2.0
(CI 1.8-2.3) for tumours designated as benign on PET/CT
scan and 7.0 (CI 5.6— 8.4) for tumours designated as
malignant on PET/CT scan. On delayed imaging the mean
SUVmax (SUVmaxD) was 1.9 (CI 1.7-2.2) and 8.1 (CI
6.5-9.6) for tumours designated as benign and malignant,
respectively, on the basis of PET/CT scan.

Two-way repeated measures ANOVA identified a sig-
nificant difference in SUVmax between early and delayed
imaging ([type irrelevant] F,¢3;=9.98, p=0.0022) and a
significant difference in SUVmax between tumours identi-
fied as benign and malignant on PET/CT scan ([time
irrelevant] F; g3=56.14, p<«0.0001). There was a significant
interaction effect between time and tumour type
(F183=14.72, p=0.00017). Post-hoc ¢ test analysis revealed
a significant difference between SUVmax on early and
delayed imaging for tumours classified as malignant on
PET/CT scan (p=0.0005) but not for tumours called benign
on PET/CT scan (p=0.2).

Analysis with histological correlation

In the tumours with histological correlation the mean
SUVmax values on early imaging (SUVmaxE) were 5.1
(CI 4.3-5.9), 7.3 (CI 5.5-9.1) and 12.0 (CI 7.3-16.6) for
atypical neurofibromas, and low- and high-grade MPNSTs,
respectively. No malignant tumours were identified with
SUVmaxD <3.2 and there were six benign tumours with
SUVmaxD of >3.5. SUVmaxD values for atypical neuro-
fibromas (Fig. 2a, for example), and low- (Fig. 2b, for
example) and high-grade (Fig. 2c, for example) MPNSTs
were 5.6 (Cl 4.6-6.6), 7.8 (CI 5.9-9.7), and 13.7 (CI8.6—
18.8), respectively. Two-way repeated measures ANOVA
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Table 2 Tumours classified as malignant on the basis of PET/CT which were under ongoing clinical follow-up

Reason for decision not to biopsy

Lesion asymptomatic

Inaccessible small focal area of high uptake within large tumour
Lesion inaccessible, MR appearances stable

Lesion asymptomatic

Lesion asymptomatic

Incidental finding, asymptomatic

Site of tumour SUVmax on Length of
delayed imaging  follow-up (months)

Subcutaneous left thigh 3.9 34

Left pelvic side wall 5.8 10

Left iliac fossa 3.5 25

Right pelvic side wall 3.6 46

Left sacrum 7.2 7

Left lung apex 8.8 8

Adjacent to right psoas muscle 4.8 8

Second lesion with higher uptake biopsied in preference
(patient 6, Table 3)

identified a significant difference in SUVmax between
tumour types ([time irrelevant] F,,7,=7.91, p=0.002). There
was also a significant difference between SUVmax on early
and delayed imaging (F; ,7=10.58, p=0.003). The interaction
effect between tumour type and time was not significant
(Fy27=2.27, p=0.1). Post-hoc ¢ test analysis showed the most
significant difference in SUVmax between atypical neuro-
fibromas and high-grade MPNSTs on early and delayed
imaging (p=0.006 and p=0.004, respectively); there was a
significant difference between atypical neurofibromas and
low-grade MPNSTs (p=0.035 for early imaging and p=0.047
for delayed imaging) and between low- and high-grade
MPNSTs but this was not as strong (p=0.04 for early
imaging and p=0.02 for delayed imaging). The overlap in
SUVmaxD values for benign, atypical, and low- and high-
grade MPNSTs is illustrated in Fig. 3. Unpaired ¢ test also
demonstrated a significant difference in mean SUVmaxD
values between benign and atypical neurofibromas
(p<0.0001).

ROC analysis was performed for early and late imaging.
This showed that a cut-off SUVmaxD of 3.1 achieved
maximal sensitivity (1.0) with a specificity of 0.766 (Fig. 4).
To achieve maximal sensitivity on early imaging a cut-off
SUVmaxE of 2.35 would be required, resulting in a
specificity of 0.6 (Fig. 5).

Table 3 Maximum SUV values on early and delayed imaging in the
six tumours incorrectly classified by ['*F]JFDG PET/CT as malignant

Patient SUVmax on early imaging SUVmax on delayed imaging
1 5.1 6.4

2 4.8 5.1

3 32 3.8

4 6.2 8.1

5 4.0 4.0

6 43 13.2%

#SUVmax on delayed imaging corresponds to the focal area of
increased tracer uptake in Fig. 1. The biopsy site did not correlate with
this area and therefore was not included in Fig. 3.

Discussion

Based on our previous experience with PET we have
advocated the use of early and delayed imaging in the
diagnosis of MPNSTs. We recommended that symptomatic
neurofibromas with SUVmax of 3.5 and above should be
excised and lesions with SUVmax of 2.5-3.5 should be
reviewed clinically and those with an SUV <2.5 considered
as benign [9].

We found a significant difference between the SUVmax
of benign and malignant tumours on PET/CT scan, which is
in accordance with the findings of previous PET studies [5,
8, 9]. However, in this study we also demonstrated the
different behaviour of benign neurofibromas and MPNSTs.
The SUVmax of the malignant tumours increased signifi-
cantly with time but the SUVmax of the benign tumours
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Fig. 3 Comparison of SUVmaxD between benign neurofibromas,
atypical neurofibromas, and low- and high-grade MPNSTs (the data
points particularly for the benign and atypical neurofibromas are so

close that many overlap)
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Fig. 4 ROC curve for ['*F]JFDG PET/CT in the diagnosis of MPNSTs
with imaging performed at 4 h

did not. These changes follow the time-—activity uptake
curves that we previously identified in soft-tissue sarcomas
[13]. Albeit an expected finding, this change in SUV
emphasizes the importance of both early and delayed
imaging in differentiating between benign and malignant
lesions. Early imaging also helps to identify and localize
the area(s) of interest for the delayed study, and reveals
nontarget lesions which may influence decisions regarding
patient management [8, 9].

Interestingly we also demonstrated a correlation between
mean SUVmax and tumour grade. While atypical neuro-
fibromas, and low- and high-grade MPNSTs all behaved in
the same way with SUVmax increasing over time, the
actual SUVmax increased with increasing tumour grade.
The difference in SUVmax was most marked between
benign and atypical neurofibromas and atypical neuro-
fibromas and high-grade MPNSTs. To our knowledge this
is the first study to demonstrate such a relationship and
suggests that FDG PET/CT can be used to grade the
malignancy of the tumour. However, there was overlap
between tumour grades and therefore it is not yet possible to
predict tumour grade accurately on an individual basis.
Ducatman et al. did not find a significant correlation between
survival and tumour grade, but recently Brenner et al.
reported a small retrospective study of 16 patients in which
tumour SUVs predicted long-term survival [7, 14]. A larger
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prospective study with a 5-year follow-up should resolve
the question as to whether SUV correlates with survival.
It is of note that there was a significant difference in
mean SUVmax between atypical neurofibromas and benign
neurofibromas. This supports our previous hypothesis that
atypical neurofibromas are at the lower end of the
malignant spectrum [9]. The patient with a false-negative
PET/CT scan (SUVmax 3.2) had an atypical neurofibroma
and this might have reflected the differing views of
pathologists on the definition of atypical neurofibroma. A
consensus on the histological diagnosis of atypical neuro-
fibroma and whether it represents a benign or malignant
lesion will be extremely helpful for future studies [11, 12]
ROC curve analysis of SUV on delayed imaging
identified a cut-off value of SUVmax of 3.1 to achieve
maximal sensitivity and specificity. In our study this would
have identified all malignant tumours (including the false-
negative scan with an SUVmax of 3.2). However, the
number of false-positive scans would have increased from 6
to 11, and therefore we continue to recommend a cut-off of
3.5 for malignancy. We suggest that tumours with an
SUVmaxD value in the range 3.0-3.5 (this includes
tumours whose SUVmax increases from early to late
imaging to within this range) should be reviewed clinically
and further patient management discussed at specialist
multidisciplinary meetings. The lower limit of this range
is slightly higher than previously suggested and is probably
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Fig. 5 ROC curve for ['*F]JFDG PET/CT in the diagnosis of MPNSTs
with imaging performed at 90 min
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related to the use of CT attenuation correction that results in
an increased SUV compared to rod-based attenuation [15].
The overlap range is of interest in that it is possible that a
combination of tracers will be necessary in this select area
to try and further separate patients requiring biopsy or
excision from those who can be observed.

This study, which to our knowledge is the largest study of
PET/CT imaging in MPNSTs, supports these findings:
adopting a cut-off SUVmaxD value of >3.5 resulted in a
sensitivity of 0.97 and a specificity of 0.87. Only one
atypical neurofibroma with SUVmaxE of 1.6 and SUVmaxD
of 3.2 was misdiagnosed as a benign lesion. With this
strategy it is inevitable that there will be false-positive results
because of the well-recognized overlap of SUV in benign
and malignant tumours. It is clearly justifiable to biopsy
lesions that may turn out to be benign, rather than
misdiagnose a malignant tumour as benign given the
potential clinical consequences. Utilizing PET/CT to identi-
fy the area of maximal uptake within the tumour will also
help to reduce the risk of false-negative biopsies due to
inadequate sampling. If it is felt to be clinically helpful the
PET/CT data can also be registered with MRI as has been
demonstrated by Somer et al. [16]. In the future, the hope is
that new tracers will become available with increased
specificity for MPNST identification in these equivocal
tumours. It is possible that a proliferation marker such as
FLT or alternatively a radiolabelled L-amino acid, such as
"C-methionine, may fulfil this role.

A limitation of our study was the relatively short follow-
up time in a number of the lesions identified on PET/CT
scans as benign that had not been biopsied and remained
under clinical review. However, based on previous work
from this institution in which 56 individuals who were
deemed to have benign neurofibromas were followed for
over 2 years (31 for over 5 years) and no patient developed
clinical evidence of malignant disease, we feel that this is a
reasonable assumption to make.

In conclusion, we demonstrated that FDG PET/CT is a
highly sensitive and specific imaging modality for the
diagnosis of MPNST in NF1 patients. We recommend
performing early and delayed imaging at 4 h for accurate
lesion characterization and using a cut-off SUVmaxD of 3.5
to achieve maximal sensitivity whilst maintaining specificity
in the diagnosis of MPNSTs. Patients with NF1-associated
MPNSTs require management by specialist multidisciplin-
ary teams conversant with complex NF1 and malignancy.
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